Vagal effects on atrioventricular (AV) nodal conduction are accentuated by increases in heart rate. To establish the mechanism of these rate-dependent negative dromotropic actions, we studied the properties governing AV nodal adaptation to changes in heart rate in chloraloseanesthetized dogs in the absence and presence of bilateral cervical vagal nerve stimulation (20 Hz, 0.2 msec Billette and coworkers.816, 18, 22, 26, 27 Using the time from the His bundle spike to the next atrial activation (HA interval) as an index of AV
T he atrioventricular (AV) node is unique among electrically conducting cardiac tissues in its sensitivity to changes in heart rate.' The frequency-dependent properties of the AV node lead to complex responses to changes in rate,2-12 which play an important part in protecting the ventricle during atrial fibrillation and flutter1 and may have a role in the generation and maintenance of reentrant supraventricular arrhythmias.13-15 Slow re-covery of AV nodal conduction after activation is clearly demonstrable2-12 and must play a major role in determining the response of the AV node to alterations in input rate.
It is clear, however, that the responses of the AV node to a change in cardiac frequency involve processes beyond simple time-dependent recovery after AV nodal activation. Whereas the latter has a rapid time course,1-'9 full adaptation after an abrupt change in atrial rate is much slower and requires up to several minutes.3,719-23 A simple AV recovery model can explain in a gross way patterns of Wenckebach periodicity in dogs24 and humans,25 but significant discrepancies remain. 25 A variety of approaches have been used to characterize the rate-dependent properties of the AV node. The most detailed functional characterization has been achieved by Billette and coworkers.816, 18, 22, 26, 27 Using the time from the His bundle spike to the next atrial activation (HA interval) as an index of AV nodal recovery time, they have analyzed AV nodal function in terms of three distinct properties: recovery, facilitation, and fatigue. Each of these properties can be analyzed independently using selective stimulation protocols. '8,22' 26 AV node recovery is defined by the relation between AV nodal conduction time and the preceding HA interval and is most simply studied by measuring the conduction time of extrasystolic AV nodal activations in terms of their prematurity (AH-HA relation). The which vagal effects on AV nodal conduction are due to changes in individual functional properties at any given heart rate.
Materials and Methods General Methods
Mongrel dogs of either sex were anesthetized with morphine (2 mg/kg) and a-chloralose (100 mg/kg i.v.). Catheters were inserted into both femoral veins and arteries and were kept patent with heparinized saline solution (0.9%). Dogs were ventilated via an endotracheal tube by using an animal respirator (Harvard Apparatus, South Natick, Mass.). Tidal volume and respiratory rate were adjusted after measurement of arterial blood gases to ensure adequate oxygenation (Sao2>90%) and physiological pH (7.35-7.45) . A thoracotomy was performed through the fourth right intercostal space, and the heart was suspended in a pericardial cradle. Body temperature was monitored continuously using a thermistor within the chest cavity and was maintained at 37-380 C by a homeothermic heating blanket.
Bipolar Teflon-coated stainless steel electrodes were inserted into the lateral right atrium and high lateral right ventricle on either side of the AV ring and into the right atrial appendage. A bipolar electrode was inserted epicardially to record a His bundle electrogram.5' The electrodes located in the atrial appendage and lateral right ventricle were used to record atrial and ventricular electrograms, respectively. The lateral right atrial electrode was used to apply 4-msec square-wave pulses at twice late diastolic threshold, with stimulus timing controlled by a programmable stimulator (Digital Cardiovascular Instruments Inc., Berkeley, Calif. varied from 800 to 20 msec greater than the refractory period of the AV nodal conduction system. Each H2A3-A3H3 recovery curve was fitted by a monoexponential model. As FCL was shortened, the recovery curve of A3 shifted gradually to the left in a parallel fashion. The degree of leftward shift was found to be an exponential function of FCL. We evaluated vagal effects on facilitation by directly comparing the degree of leftward shift of the A3 recovery curve at each FCL before and after vagal stimulation, as well as by assessing the effects of vagal stimulation on the relation between the leftward shift and FCL.
Characterization of vagal effects on rate-induced fatigue in the atrioventricular node. A slow process of AV nodal conduction slowing, which is independent of AV nodal recovery and facilitation, can be demonstrated after abrupt increases in atrial rate. '6,22 To study the magnitude and rate of this process, we used a sensing and pacing circuit to sense each ventricular activation and pace the right atrium with a given VA interval. Because the HV interval was measured and remained constant throughout each experiment, this allowed us to initiate a tachycardia with a given HA interval and to maintain the HA interval constant throughout the tachycardia.
The onset of fatigue was studied over a wide range of HA intervals under control conditions and then during vagal stimulation. An average of 10 HA intervals was studied under each condition. After tachycardia was initiated at a given HA interval, it was maintained for at least 5 minutes to ensure that steady-state conditions had been achieved. A period of recovery of at least 5 minutes was allowed for dissipation of fatigue before the next test run. During each tachycardia, the AH interval increased as a first-order function of beat number. Exponential curve fitting was used to determine the time constant and magnitude of fatigue at any HA interval. Because the HA interval was constant throughout the tachycardia, changes in recovery (as defined above) should not alter the AH from the first beat of the tachycardia through steady-state conditions. Billette18 showed that facilitation reaches steady state by the second beat of a tachycardia with a constant HA interval,18 and we verified that this was the case under both control and vagal stimulation conditions in our dogs. Therefore, the magnitude of AH interval change from beat 2 of the tachycardia to steady-state conditions (as determined from the best-fit exponential curve) should be an accurate index of the fatigue process that is independent of both recovery and facilitation.
The magnitude of fatigue was also assessed in a different way under control and vagal conditions. We determined the AV nodal recovery curve as described above under steady-state conditions at a slow rate. We then increased the rate, and when steadystate conditions were achieved, introduced after every 15 beats a pause (S') with a preceding H1A' interval equal to the HA interval at the slow rate. As shown by Billette et al,22 this is sufficient to completely dissipate the facilitation resulting from rapid pacing, without altering the degree of fatigue. We then determined the recovery curve of a beat resulting from an S2 by measuring the A2H2 interval as a function of the preceding H'A2 interval. This recovery curve should reflect the effects of fatigue alone.22 These measurements were made using the same HA values for the slow and fast rates under both control and vagal conditions in each experiment.
Data Analysis
Results are reported as the mean+SEM. Multiple comparisons between control and vagal stimulation data were made by two-way analysis of variance with Scheffe contrasts. 52 Comparisons between only two groups of experimental data were made with Student's t test. Two-tailed tests were used for all statistical comparisons, and a probability of 5% or less was taken to indicate statistical significance. Exponential curve fitting was performed using Marquardt's technique on an IBM AT compatible computer.
To ascertain that the effects of vagal stimulation on AV nodal function that we studied were due to stimulation of muscarinic cholinergic receptors, vagal stimulation was applied before and after atropine in three experiments. The voltages for bilateral vagal stimulation with 0.2-msec square-wave pulses at 20 Hz required to produce 30-200% increases in WBCL were determined. Atropine (1 mg i.v.) was given, and vagal stimulation was repeated at the previously determined voltage levels. In all experiments, vagal stimulation after atropine had no effect on WBCL, indicating that the effects of vagal stimulation on AV nodal conduction were due to stimulation of muscarinic cholinergic receptors.
Five experiments were performed to determine vagal effects as a function of steady-state rate, and five were performed to measure vagal effects on the AV nodal recovery curve. At least three levels of vagal stimulation were studied in those experiments. Because of the complexity of experiments used to study facilitation and fatigue, only one vagal stimulation voltage (V2) was used in each experiment. Facilitation was studied in eight dogs, and fatigue was studied in 10 dogs, with fatigue kinetics studied in eight of these and the fatigue-induced recovery curve shift evaluated in five (three dogs underwent both fatigue protocols). All animal care techniques followed the recommendations of the Canadian Council on Animal Care, and research protocols were approved by the Animal Care Committee of the Montreal Heart Institute.
Results

General Effects of Vagal Stimulation
Vagal nerve stimulation increased WBCL, AV conduction time, AV nodal effective refractory period, and AV nodal functional refractory period in a voltage-dependent manner ( Table 1 ). The effect of vagal stimulation to increase WBCL was the same before and after each experimental protocol, indicating that the effects of vagal stimulation were constant ( Figure 1 with decreasing cycle length. After vagal stimulation, AV conducting system refractoriness was determined by the refractory period of the AV node, and the AV nodal effective refractory period showed significant increases as pacing cycle length was reduced. Vagal stimulation resulted in rate-dependent changes in the steady-state AH interval, with vagally induced increases in the AH interval becoming larger as pacing cycle length decreased ( Figure 2 ).
Charactertization ofAtrioventricular Nodal Functional Properties and the Effects of Vagal Stimulation
An example of one experiment relating A2H2 to H1A2 interval under control conditions and after vagal stimulation is shown in Figure 3 . Under control conditions, A2H2 was constant over a wide range of recovery time (greater than 300 msec). With further decreases in recovery time (H1A2 interval), there was a rapid increase in A2H2 until refractoriness was encountered. In the presence of vagal stimulation, H1A2 (msec) mean correlation coefficients for the fits were 0.993 with an SD of 0.005. Time constants were found to be independent of basic cycle length, so results for the standard cycle length of 600 msec were used for all comparisons. As shown in Figure 3 , vagal stimulation produced a voltage-dependent increase in the recovery time constant in this experiment. Figure 4 shows the average recovery time constants for the standard voltages (V1, V2, V3) in all experiments used to study recovery. Vagal stimulation significantly increased the time course of recovery in a voltage-dependent fashion.
Effects of Vagal Stimulation on Atrioventricular Nodal Facilitation
Single atrial premature beats (A2) shifted the recovery curve in response to a subsequent A3 complex to the left in a fashion that depended on the A1A2 interval (FCL). Figure 5 (top panel) shows raw data from a series of recovery curves obtained with varying facilitation (A1A2) cycle lengths. The best-fit exponential curves to the same data are also shown. Because these curves were shifted to the left in a parallel fashion, the degree of shift can be quantified by determining the HA interval for any given AH interval. We determined the HA interval correspond- Under both control conditions and vagal stimulation, the leftward shift of the recovery curve was maximal after one premature cycle (Figure 8) . No further changes in the position of the AV nodal recovery curve were seen when the recovery curve was tested after two or more premature cycles.
Effect of Vagal Stimulation on Atrioventncular Nodal Fatigue
When a tachycardia was initiated at a constant HA interval, AV nodal conduction time slowly increased over the next several minutes (Figure 9 ). The magnitude of conduction slowing was greater for tachycardias with shorter HA intervals, that is, faster rates. Vagal stimulation enhanced the magnitude of conduction slowing produced by tachycardia at any given HA interval ( Figure 9 , bottom panel). Under both control and vagal conditions, the development of AV nodal fatigue was well fitted by a monoexponential relation (solid curves in Figure 9 ) of the form A AHn =A AH[1-exp(-n/71fat)I (3) where A AHn is the increase in AH caused by fatigue at beat n of the tachycardia, A AH is the total increase in AH attributable to fatigue at steady state, and Jrfat is the time constant for the onset of fatigue. To control for recovery and facilitation, all changes in AH interval during tachycardia are calculated in relation to the AH of the second beat of the tachycardia. Both A AH and rfat were calculated for tachycardias at each HA interval studied in each experiment. The mean corre- Figure 10 .
The ability of vagal stimulation to augment AV nodal fatigue was independently confirmed by methods illustrated in Figure 11 . Under control conditions, an AV nodal recovery curve was obtained at a long steady-state HA interval. Fatigue was then induced by 5 The accurate calculation of each of the determining constants governing all three processes (recovery, facilitation, and fatigue) simultaneously under both control and vagal conditions is too time consuming for any single experiment. To estimate the contribution of these processes to the rate-dependent effects of vagal stimulation, we used mean values obtained from the results of all experiments used to study each process to get overall estimates of AHl, A, 7r, A HA.max, fac, A AH.m,,, K, and C under control conditions and in the presence of vagal stimulation (of intensity V2). The predicted changes in AH interval resulting from vagally induced changes in recovery, fatigue, and facilitation are shown as a function of the steady-state HA interval in Figure 12 . At (Figure 9 ), which was quite similar to values of 11-12.5 msec in the isolated rabbit AV node noted by Billette et al. 22 There are no previous mathematical models of the rate dependence of facilitation and fatigue with which to compare our findings. Little previous work has been done on the effects of vagal stimulation on the accommodation of the AV node to rate change. The AV nodal recovery curves observed by Lewis and Master3 after vagal stimulation show a slightly slower recovery process, noted but not quantified by the authors. Wallick and coworkers48 found that vagal effects interacted significantly with heart rate in determining AV conduction changes, but underlying mechanisms were not explored. Narula and Runge20 observed an attenuation of slow AV nodal accommodation by atropine, perhaps related to the effects of vagal tone on AV nodal fatigue that we noted. Jenkins and Belardinelli23 noted no change in the AV nodal accommodation to rate of isolated guinea pig hearts after atropine administration. This is not necessarily in conflict with our findings, because the rate of acetylcholine release in isolated hearts without central nervous input is likely to be quite low in the absence of direct nerve stimulation.
Role of Vagal Alterations in Atrioventricular Nodal Kinetic Properties
All three kinetic properties of the AV node (recovery, facilitation, and fatigue) were altered by vagal stimulation. Vagal stimulation slowed recovery (Figures 3 and 4) , so that recovery was incomplete for a longer period after AV nodal activation. At rates associated with HA intervals greater than 500 msec, changes in recovery had little effect on conduction. However, as the HA interval shortened, less complete recovery became an increasingly important factor, constituting over 50% of the overall vagal effect at rapid rates ( Figure 12 ). The extent of facilitation was reduced by vagal stimulation, while the magnitude of fatigue was enhanced. The former effect reduced the leftward shift in the recovery curve that results from short cycles and favors conduction at rapid rates ( Figures 5-7) , while the latter effect increases the slowly developing component of AV nodal conduction impairment during sustained tachycardia (Figure 9 ). Both of these phenomena are most important at short HA intervals ( Figure 12 ). Changes in each kinetic property contribute to the overall frequency-dependent effects of vagal stimulation, with the amount of conduction slowing attributable to each depending on the steady-state HA interval (Figure 12 ). Little information is available regarding the underlying ionic mechanisms of the rate-sensitive properties of the AV node. The time constant of the AV nodal recovery curve (60-80 msec) is in the same range as the time constant of recovery of L-type calcium currents in isolated canine cardiac Purkinje cells54 and for slow inward current in multicellular preparations.55 It is quite likely that the time-dependent recovery of AV nodal conduction is related to the recovery of L-type calcium channels from their inactivation during the preceding action potential.
Whether other mechanisms, such as the time-dependent inactivation of outward currents activated during the preceding plateau, also contribute is unknown.
The cellular processes governing AV nodal facilitation and fatigue are largely unknown. Premature stimulation shortens action potential duration in the distal AV node56 and could cause a leftward shift in the subsequent AH-HA relation by increasing the diastolic recovery time preceding beats at any given coupling interval. Adenosine accumulation has been shown to contribute to AV nodal fatigue in the isolated guinea pig heart at rates in excess of 400 beats/min and in the presence of hypoxia. 23 The contribution of adenosine to AV nodal fatigue at more physiological AV nodal activation rates appears to be insignificant, 23 (Figure 1 ) to ensure that vagal effects were constant during the protocol. After each protocol, vagal stimulation was discontinued, and WBCL was verified to assure that underlying control conditions were constant. The stability of vagal effects in our experiments may have been due to a lack of desensitization because of our stimulation frequency (20 Hz conduction in terms of the preceding AA interval (or cycle length). It is not within the scope of the techniques that we used to address the relative merits of these approaches. The changes in the recovery curve that result from vagal stimulation are not altered by the recovery time index used, because transformation of AH versus HA curves to AH versus AA curves simply requires the addition of a constant value (the steady-state AH interval) to each HA value on the horizontal axis. Similarly, the qualitative nature of vagal effects on AV nodal fatigue are not altered by changing the index of recovery time. On the other hand, AV nodal facilitation is a process that is demonstrable only when the HA interval is used as the index of recovery time. Billette and Metayer have shown that this approach resolves a number of previously confusing rate-dependent properties of the AV node's functional refractory period. 16 Studies of the effects of acetylcholine on action potential duration restitution in the distal AV node would be valuable in resolving the nature and possible mechanisms ofvagal effects on AV nodal facilitation.
Significance of Findings
Vagal input plays a major role in modulating AV nodal properties, and changes in vagal tone (whether spontaneous or the result of treatment) are important in the occurrence and termination of both tachyarrhythmias and bradyarrhythmias. We have shown that vagal actions are a dynamic function of heart rate as a result of vagally induced alterations in the functional properties of the AV node. The augmentation by tachycardia of refractoriness changes caused by vagal stimulation (Figure 2 ) could result in enhanced antiarrhythmic actions of the vagus during supraventricular tachyarrhythmias. This type of selective action has previously been shown to underlie beneficial responses to calcium antagonist drugs during atrial fibrillation70 and AV reentrant tachycardias.71 Calcium antagonists produce rate-dependent changes in AV nodal function by virtue of statedependent calcium channel blockade,17 a mechanism that does not apply to the effects of vagal stimulation. Nonetheless, the potential clinical importance of tachycardia-dependent AV nodal depressant properties applies equally to both.
The effects of interventions on the AV node are generally evaluated in terms of steady-state changes in a measure of AV nodal conduction -AH or PR interval, or AV conduction time. Few studies have considered the frequency-dependent actions of such interventions, and such analysis has been generally qualitative. We have shown that vagal stimulation alters discrete rate-dependent functional properties of the AV node. Vagally induced changes in functional properties resulted in a fivefold magnification of AV nodal conduction slowing at rapid rates (Figure 12) . Changes in AV nodal recovery, facilitation, and fatigue accounted for a total of 80% of overall vagal conduction slowing at rates associated with an HA interval of 150 msec.
This novel approach to analyzing the effects of interventions on the AV node, resting on many recent advances in AV node physiology, provides the basis for new insights into pharmacological control of AV nodal function. Rate-dependent responses to vagal augmentation may explain why doses of digitalis that produce modest changes in AV nodal function during sinus rhythm may significantly slow the ventricular response to atrial fibrillation and prevent reentrant tachycardias involving the AV node. For example, Wu et a172 found that digitalis prevented the induction of sustained AV node reentrant tachycardia in five patients, but echoes were totally prevented in only one. In four of five patients, either single echoes or short runs of tachycardia with spontaneous termination were seen, consistent with changes in rate-dependent AV nodal responses. Kosowsky and coworkers73 found that digitalis increased the PR interval by a mean of 7% at heart rates of 60-80 beats/min but by 17% at heart rates of 120-160 beats/min. Purinergic agonists such as adenosine and ATP are being used increasingly to treat patients with paroxysmal supraventricular tachycardias.74, 75 Jenkins and Belardinelli23 showed that the effects of endogenous adenosine on the AV node are most demonstrable at rapid activation rates. Increased adenosine production in the face of oxygen supply and demand mismatching clearly played a role in the effects that they showed at rapid rates. However, changes in AV nodal functional properties may also contribute importantly, both to the frequency-dependent actions of endogenous adenosine and to the clinical response to exogenous purinergic agonists. Further study of the manipulation of rate-dependent AV nodal properties could lead to important pharmacological advances. Agents that purely altered rate-dependent properties could have minimal effects during sinus rhythm and yet produce therapeutically effective AV nodal depression during the rapid activation of supraventricular tachyarrhythmias.
We have shown that changes in vagal input importantly modify the rate-dependent properties of the AV node. While corresponding information is not available regarding adrenergic effects, ,3-adrenergic stimulation has been found to accelerate the recovery from inactivation of calcium-dependent action potentials.76 Furthermore, adrenergic stimulation can reduce the effects of fatigue on the AV node.7 These findings imply that autonomic regulation of AV nodal conduction is not a static function of the pattern of autonomic input but is a dynamic property changing with changes in cardiac rate and rhythm. The effects of autonomic interventions must therefore be understood in terms of changes in the way the AV node adapts to altered activation rate. Furthermore, any investigators using in vivo studies for evaluating rate-dependent AV nodal properties must consider the autonomic state during study and the potential changes in properties that may result from autonomic reflex responses to pacing, the stress of the intervention, etc. Such considerations will be essential if detailed analysis of the AV node's functional properties is to be extended to humans. This is the first study, to our knowledge, that analyzes the effects of an intervention on the various rate-dependent properties of the AV node. Using specific pacing protocols, we have defined the changes that occur in each of the discrete functional properties of the AV node as a result of vagal stimulation. Furthermore, we have shown that the sum of vagally induced changes in these properties accounts for the rate-dependent actions of the vagus and that the role of changes in each property is a dynamic function of heart rate. This method of analysis may prove to be very valuable in studying the effects of other interventions on the AV node and in evaluating specific aspects of AV nodal function in patients with abnormal AV nodal properties causing tachyarrhythmias or bradyarrhythmias.
